Uranium-lead geochronology in detrital zircons and provenance analyses in eight boreholes and two surface stratigraphic sections in the northern Andes provide insight into the time of closure of the Central American Seaway. The timing of this closure has been correlated with Plio-Pleistocene global oceanographic, atmospheric, and biotic events. We found that a uniquely Panamanian Eocene detrital zircon fingerprint is pronounced in middle Miocene fluvial and shallow marine strata cropping out in the northern Andes but is absent in underlying lower Miocene and Oligocene strata. We contend that this fingerprint demonstrates a fluvial connection, and therefore the absence of an intervening seaway, between the Panama arc and South America in middle Miocene times; the Central American Seaway had vanished by that time.
Uranium-lead geochronology in detrital zircons and provenance analyses in eight boreholes and two surface stratigraphic sections in the northern Andes provide insight into the time of closure of the Central American Seaway. The timing of this closure has been correlated with Plio-Pleistocene global oceanographic, atmospheric, and biotic events. We found that a uniquely Panamanian Eocene detrital zircon fingerprint is pronounced in middle Miocene fluvial and shallow marine strata cropping out in the northern Andes but is absent in underlying lower Miocene and Oligocene strata. We contend that this fingerprint demonstrates a fluvial connection, and therefore the absence of an intervening seaway, between the Panama arc and South America in middle Miocene times; the Central American Seaway had vanished by that time.
C losure of the Central American Seaway, defined here as the deep oceanic seaway along the tectonic boundary of the South American plate and the Panama arc, is thought to have modified the salinity of the Caribbean Sea, ultimately affecting ocean circulation patterns and global climate (1) , as well as to have triggered the Great American Biotic Interchange (2) . However, the role of the formation of the Panamanian Isthmus in such global changes remains controversial, in part because of the difficulty of establishing a precise chronology of seaway closure (3) . Data on the chronology of Isthmus emergence suggests that the closure not only occurred earlier than previously thought (4) but also may have resulted from factors other than the emergence of currently high terrain in Panama (5, 6) .
The Uramita suture (7) separates the young Panama arc to the west from the old Andean terranes to the east (Fig. 1) . These are mutually exclusive geochronological domains that are ideally suited for documenting the time of detrital exchange. The young Panama magmatic arc was built on an oceanic plateau substrate (8) during latest Cretaceous to Eocene times [67 to 39 million years ago (Ma), with a peak around 50 Ma] (6, 9), with renewed magmatic activity as young as 19 Ma (10) east of the Canal Basin and 10 Ma and younger west of it (11) . To further characterize the Panama magmatic arc fingerprint, we dated a string of incompletely mapped granitic plutons along the northeastern coast of Panama and western Colombia (Fig. 1C) , obtaining eight U/Pb magmatic zircon ages ranging between 59 and 42 Ma (217 U/Pb analyses; table S1). The northern Andes, in contrast, include magmatic rocks accreted during latest Cretaceous times (8) to a core of plutonometamorphic rock of late Precambrian (12) (13) (14) and Permo-Triassic age (14, 15) , and plutonic rocks of Jurassic to Cretaceous age (16) . Middle Eocene magmatism is Table 1 . Thick lines represent major boundaries (28) . Zero-milligal (0 mgal) contour (29) highlights the geodynamic continuity of the Panama arc; there are no structural breaks between the Uramita suture and the Canal Basin. (A and B) Detrital zircon ages recovered from (A) lower Miocene strata in the Canal Basin (6) and (B) Oligocene-Miocene strata in the Nuevo Mundo Syncline (18) and rivers draining the Eastern and Central cordilleras (19) . (C) New U/Pb zircon ages for granitoids of the Panama arc; data point error ellipses are 68.3% confidence (see table S1). absent in the northern Andes (17) (18) (19) . Therefore, detrital zircons of Eocene age can be used to track the detrital contribution of the Panama arc to sedimentary basins of northwestern South America.
To track detrital contributions from the Panama arc, we sampled fluvial strata at the western flank of the Central Cordillera of Colombia (site SA in Fig. 1 ), following a roughly northeastern trend toward shallow marine strata (sites SMP and BH1 to BH8) in the Lower Magdalena Basin. Seven stratigraphic levels of middle Miocene age and 11 stratigraphic levels of Oligocene to early Miocene age were sampled in eight boreholes and two surface stratigraphic sections (Table 1) . We obtained 18 U/Pb detrital zircon ages, as well as petrographic and heavy mineral analyses of the sedimentary rock (1654 U/Pb analyses; tables S2 to S5). All detrital zircon samples recovered from Oligocene and Miocene strata contained typical north Andean detrital signatures that included late Precambrian, Permo-Triassic, and Late Cretaceous populations. Middle Miocene strata, however, contained an additional Eocene magmatic zircon population that was absent in older strata (Fig. 2) .
To establish the age of strata sampled in the Lower Magdalena Basin, we used published foraminiferal and palynological studies performed on the same boreholes where we sampled, further bracketed by our detrital zircon minimal ages (Fig. 2 ). In the western flank of the Central Cordillera, we relied on mapped cross-cutting relationships (20) of volcanic and subvolcanic rocks interbedded with and intruding fluvial, coal-bearing strata. Available geochronology (21) and palynological (22) studies along with our detrital zircon minimal ages were used to establish ages of the strata sampled ( fig. S3 ).
Because the geochronological makeup of the northern Andes is incompletely known, we used published U/Pb detrital zircon data as proxies for the magmatic age distribution of the eastern Panama arc and the northern Andes. We used the Oligocene-Miocene strata of the Canal Basin as a proxy for the Panama arc ( Fig. 1A) (6) . For the northern Andes (Fig. 1B) , we used two data sets as proxies of its geochronological makeup: Oligocene-Miocene strata of the Nuevo Mundo Syncline (18) and active-sediment river samples draining the Eastern and Central Cordilleras (19) . We found that detrital zircons from basins and rivers in the northern Andes are decidedly older than those from Panama; the mean for Nuevo Mundo Syncline and active-sediment river samples is 304.1 Ma, whereas the mean for Panama is 49. Oligocene to middle Miocene strata sampled in the northern Andes can be separated into two age groups according to their detrital zircon populations: one containing an Eocene population and another missing it (Fig. 2) . The Oligoceneearly Miocene strata show an age range of 54 Ma to 3103.6 Ma. Only two of 1045 zircons have ages younger than 65.1 Ma (54 and 64 Ma). In contrast, middle Miocene sandy strata in the same sampling sites ( Fig. 2A) show an age range from 13.1 Ma to 3189.9 Ma. A large number of them (103 of 609) have ages younger than 65.1 Ma, with a mean age of 36.8 Ma, slightly younger than the mean age of Panamanian detrital zircons (mean Panama = 49.7 Ma, KolmogorovSmirnov test, P < 0.001, D = 0.53; fig. S2 ).
The Eocene detrital zircon population documented in middle Miocene strata of northwestern South America ( Fig. 2A) could have only been derived from the emerged Panama arc, as there are no igneous bodies of that age in the northern Andes (18, 19) . The magmatic roots of the Panama arc had been cooling (5, 6) , emerging, and eroding (23) since at least late Eocene times (6); therefore, they were available as source areas by middle Miocene times. Both fluvial coal-bearing strata (20, 24) and shallow marine strata of middle Miocene age contain the Panama arc (Fig. 2) . This signature-in fluvial strata to the south and in shallow marine strata to the north-suggests that the Panama arc had docked and emerged and was shedding detrital material to north-bound currents parallel to the Uramita Suture, similar to today's Cauca River (Fig. 1) , and to northeast-bound coastal currents (Fig. 3) . Our results imply that by middle Miocene times (13 to 15 Ma), rivers originating in the Panama arc were transporting sediment to the shallow marine basins of northern South America. This implies that (i) at least a segment of the Panama arc, including an emerged (6) Mande batholith and San Blas Range (Figs. 1 and 3) , had already docked and (ii) the Central American Seaway was closed. Continued Caribbean-Pacific water exchange may have taken place along narrow, shallow, and transient channels that fragmented (5) the Isthmus west of the Canal Basin (4) (Fig. 3) . These results support recent paleoceanographic studies (25, 26) Table 1 and Fig. 1 for sample location. Ocean acidification triggered by Siberian Trap volcanism was a possible kill mechanism for the Permo-Triassic Boundary mass extinction, but direct evidence for an acidification event is lacking. We present a high-resolution seawater pH record across this interval, using boron isotope data combined with a quantitative modeling approach. In the latest Permian, increased ocean alkalinity primed the Earth system with a low level of atmospheric CO 2 and a high ocean buffering capacity. The first phase of extinction was coincident with a slow injection of carbon into the atmosphere, and ocean pH remained stable. During the second extinction pulse, however, a rapid and large injection of carbon caused an abrupt acidification event that drove the preferential loss of heavily calcified marine biota.
T he Permo-Triassic Boundary (PTB) mass extinction, at~252 million years ago (Ma), represents the most catastrophic loss of biodiversity in geological history and played a major role in dictating the subsequent evolution of modern ecosystems (1). The PTB extinction event spanned~60,000 years (2) and can be resolved into two distinct marine extinction pulses (3). The first occurred in the latest Permian [Extinction Pulse 1 (EP1)] and was followed by an interval of temporary recovery before the second pulse (EP2), which occurred in the earliest Triassic. The direct cause of the mass extinction is widely debated, with a diverse range of overlapping mechanisms proposed, including widespread water column anoxia (4), euxinia (5), global warming (6), and ocean acidification (7) .
Models of PTB ocean acidification suggest that a massive and rapid release of CO 2 from Siberian Trap volcanism acidified the ocean (7). Indirect evidence for acidification comes from the interpretation of faunal turnover records (3, 8) , potential dissolution surfaces (9) , and Ca isotope data (7) . A rapid input of carbon is also potentially recorded in the negative carbon isotope excursion (CIE) that characterizes the PTB interval (10, 11) . The interpretation of these records is, however, debated (12) (13) (14) (15) (16) and is of great importance to understanding the current threat of anthropogenically driven ocean acidification (11) .
To test the ocean acidification hypothesis, we have constructed a proxy record of ocean pH across the PTB using the boron isotope composition of marine carbonates (d 11 B) (17) . We then used a carbon cycle model (supplementary text) to explore ocean carbonate chemistry and pH scenarios that are consistent with our d 11 B data and published records of carbon cycle disturbance and environmental conditions. Through this combined geochemical, geological, and modeling approach, we are able to produce an envelope that encompasses the most realistic range in pH, which then allows us to resolve three distinct chronological phases of carbon cycle perturbation, each with very different environmental consequences for the Late Permian-Early Triassic Earth system.
We analyzed boron and carbon isotope data from two complementary transects in a shallow marine, open-water carbonate succession from the United Arab Emirates (U.A.E.), where depositional facies and stable carbon isotope ratio (d 13 C) are well constrained (18) . During the PTB interval, the U.A.E. formed an expansive carbonate platform that remained connected to the central Neo-Tethyan Ocean (Fig. 1A) (18) . Conodont stratigraphy and the distinct d
13
C curve are used to constrain the age model (17) .
The PTB in the Tethys is characterized by two negative d
C excursions interrupted by a shortterm positive event (10) . There is no consensus as to the cause of this "rebound" event and so we instead focus on the broader d (Fig. 1B) (Fig. 1C) at the start of our record during the late-Changhsingian, with an average of 10.9 T 0.9‰ (1s). This is in agreement with d
11
B values (average of 10.6 T 0.6‰, 1s) reported for earlyPermian brachiopods (19) . Further up the section (at~40 m,~252.04 Ma) (Fig. 1C) , there is a stepped increase in d 11 B to 15.3 T 0.8‰ (propagated uncertainty, 2sf) and by implication an increase in ocean pH of~0.4 to 0.5 (Fig. 2). d 
B values then remain relatively stable, scattering around 14.7 T 1.0‰ (1s) and implying variations within 0.1 to 0.2 pH, into the Early Griesbachian (Early Triassic) and hence across EP1 and the period of carbon cycle disturbance ( Figs. 1 and 2) .
After the d
13
C increase and stabilization (at 85 m,~251.88 Ma) (Fig. 1), d 11 B begins to decrease rapidly to 8.2 T 1.2‰ (2sf), implying a sharp drop in pH of~0.6 to 0.7. The d 11 B minimum is coincident with the interval identified as EP2. This ocean acidification event is shortlived (~10,000 years), and d
11
B values quickly recover toward the more alkaline values evident during EP1 (average of~14‰).
The initial rise in ocean pH of~0.4 to 0.5 units during the Late Permian (Fig. 2) suggests a large increase in carbonate alkalinity (20) . We are able to simulate the observed rise in d 11 B and pH through different model combinations of increasing silicate weathering, increased pyrite deposition (21) , an increase in carbonate weathering, and a decrease in shallow marine carbonate depositional area (supplementary text). Both silicate weathering and pyrite deposition result in a large drop in partial pressure of CO 2 (PCO 2 ) (and temperature) for a given increase in pH and saturation state (W). There is no evidence for a large drop in PCO 2 , and independent proxy data
